I. INTRODUCTION
The ever-increasing demands on features of active frequency filters lead to the design of new filtering structures with enhanced properties such as electronic control of desired filter characteristic (pole frequency, quality factor, level of pass-band/stop-band region), wider bandwidth range, or availability of multiple, if not all, standard transfer functions (low pass (LP), band pass (BP), high pass (HP), band stop (BS) and all pass (AP)).
Despite of a useful offer of universal filters [1] [2] [3] [4] [5] [6] [7] [8] [9] , or multifunctional filters [10] to provide some if not all standard functions, these structures usually have several inputs or outputs when manual reconnection of particular input/output is necessary to change type of the transfer function. The structures, depending on the number of inputs/outputs, can be referred to as Single-Input MultipleOutput (SIMO) filters [1] [2] [3] [4] , [10] , Multiple-Input SingleOutput (MISO) filters [5] [6] [7] [8] , or we can come across SingleInput Single-Output (SISO) filtering structures [9] when modification of the circuit structure is required to change type of the function. The manual reconnection is not suitable or even possible in some cases, on-chip implementation of given structure, for example. The manual reconnection could be implemented by complementing the filtering structure with controllable switches, for instance. Nonetheless, this might bring some undesired features (requirements for the additional digital control (power consumption and chip area), interference of the clock signal with processed signal, etc.).
Other, more advantageous approach is implementing filtering structures which provide possibility of the electronic reconfiguration of their transfer [11] [12] [13] [14] [15] . The resulting transfer function of these structures is based on the setting of controllable parameters of used active elements suitably placed in the circuit structure. Paper [11] presents an electronically reconfigurable filter using Z-Copy Controlled Gain Voltage Differencing Current Conveyor (ZC-CG-VDCC) utilizing the intrinsic resistance R x to change between AP and LP function. Similarly, filter in paper [12] can provide AP and LP function by change of current gain B and intrinsic resistance Rx. This filter uses operational transconductance amplifiers (OTAs) and electronically controllable current conveyor of second generation (ECCII). Filtering structures in [13] [14] [15] are based on OTAs and can offer all standard transfer functions by adjustment of individual transconductances gm.
The filter proposed in this paper is designed using two Voltage Differencing Transconductance Amplifiers (VDTAs), three Adjustable Current Amplifiers (ACAs) and one auxiliary Multi-Output Current Follower (MO-CF). The filter can provide all standard transfer functions from the same circuit topology without necessity of physical reconnection by adjustment of current gains of used ACAs. Transconductances of VDTA elements are used in order to provide the electronic control of the pole frequency and quality factor independently on each other.
II. FILTER PROPOSAL
The proposed filter follows up on the previously published universal filter presented in [16] . The structure from [16] is based on two VDTAs and can provide all standard transfer functions (LP, BP, HP, BS, AP) and special transfers so-called high-pass with zero and low-pass with zero. The given filter is of Three-Input Single-Output (TISO) type when manual physical reconnection of particular input (or suitable combination of two or more inputs) is necessary in order to obtain desired transfer function. The schematic symbol of VDTA elements and its implementation using two OTAs are depicted in Fig. 1 . The behavior of VDTA can be described by the matrix (1). The proposed filter results from the filtering structure in [16] which is complemented by suitably arrangement of three ACAs (which are used to change the filter transfer electronically) and one auxiliary MO-CF (distributing the input current). (1)
The schematic symbols of the ACA and MO-CF elements are presented in Fig. 2 a), b) , respectively. The ACA element can be described by following equation: iOUT = B·iIN, where B is the current gain of this element. The behavior of the MO-CF element is given as iOUT± = ±iIN. The resulting structure of the proposed filter electronically reconfigurable filter consisting of two VDTAs, three ACAs and one MO-CF is presented in Fig. 3 . The transfer of the proposed filter is given as: From previous equations (2), (3) and (4) it is evident that the resulting transfer of the proposed filter can be controlled by setting of individual current gains B1-B3. Depending on actual setting of current gains, the proposed filter can provide following transfer functions:
• High-pass function for B1 = 1, B2 = B3 = 0,
• Low-pass function for B2 = 1, B1 = B3 = 0,
• Band-pass function for B3 = 1, B1 = B2 = 0,
• Band-stop function for B1 = B2 = 1, B3 = 0,
• All-pass function for B1 = B2 = B3 = 1,
• High-pass function with zero for B1 = 1, 0 < B2 < 1, B3 = 0,
• Low-pass function with zero for B2 = 1, 0 < B1 < 1, B3 = 0.
The pole frequency f0 and quality factor Q of the proposed filter are expressed by following relations: From relations in (5) can be seen that f0 can be electronically controlled independently from Q by simultaneous change of transconductance gm1 and gm2 when a simple condition gm1 = gm2 is applied. The quality factor can be controlled electronically without disturbing f0 by adjustment of transconductance gm4. Similarly, f0 could be also controlled by change of values of capacitances C1, C2 and Q could be controlled by conductance G2, but direct (immediate) ability of the electronic control is more advantageous.
III. SIMULATIONS
The proposal has been verified by PSpice simulations using transistor-level models of used active elements. The transistor-level model of the OTA element has been taken from [17] . The transconductance of OTA is controlled by DC current in this particular case. The used transistor-level model of the ACA element can be found in [18] . Current gain of this particular CMOS implementation of the ACA model is controlled by DC current. The transistorlevel model of the MO-CF element has been taken from [16] . All these models are implemented in 0.18 µm TSMC CMOS technology with supply voltage equal to ±1 VThe proposed filter has been designed to operate at pole frequency equal to 100 kHz and quality factor equal to 0.707 (Butterworth approximation). Based on these values, the values of transconductances and values of passive elements have been selected as follows: gm1 = gm2 = gm3 = 1 mS, conductances G1 = G2 = 1 mS. Capacitances C1 and C2 (1.6 nF) were calculated from (5) in order to obtain the desired f0. Transconductance gm4 was set to 1.414 mS resulting in Q = 0.707. As mentioned before, it is also possible to electronically control the quality factor of the filter (independently on the pole frequency). The proposed structure, thanks to its realization, also offers the ability to obtain low-pass and high-pass response with intended zero in transfer function (LPZ, HPZ). These types of functions can be used in special cases due to their feature to provide steeper transition from passband to stopband area [19] . The behavior of the LPZ and HPZ function can be observed in Fig. 8 . 
IV. CONCLUSION
In comparison to the initial filtering structure, the proposed filter offers the electronical reconfiguration of its transfer and easy operation as the filter with transfer zeros. Other abilities remain preserved as in the original topology. The ability of the electronic control of f0 and Q was tested in range 50-200 kHz (in case of f0 control) and 0.71-2.83 (in case of Q control). Obtained simulation results are in good agreement with the theory.
